The presence of leukaemia inhibitory factor (LIF) binding and expression of the gp130 component of the LIF receptor were studied in the rabbit uterus during early pregnancy. LIF binding to myometrium was moderate in oestrous and non-oestrous animals and on day 1 of pregnancy, declined on days 2 and 3, and increased to a peak value on days 5 and 6 of pregnancy. Binding to stromal cells was not observed. Binding of LIF to luminal and glandular epithelium was low in unmated animals and on days 1 and 2 of pregnancy. Binding to luminal epithelium increased from day 3, and to glandular epithelium from day 5 of pregnancy. Highest binding was seen on days 5 and 6, with a slight decline observed on day 7, and with little difference between the mesometrial and antimesometrial regions of the implantation site. In all cases, binding of LIF was similar in the uteri of day 6 pseudopregnant and pregnant animals. At all stages, gpl30 was absent from stroma and almost absent from myometrium and glandular epithelium. It was expressed in luminal epithelium, reaching maximal expression on day 6 of pregnancy and pseudopregnancy, but diminished on day 7 of pregnancy, particularly in the antimesometrial area of the implantation site. The coexpression of LIF binding and gpl30 may indicate the presence of high-affinity LIF receptor, which matches the pattern of LIF protein expression and, as in mice, suggests its importance for implantation. 1991 , 1992 Davis et al, 1993).
Introduction
Leukaemia inhibitory factor (LIF) is a glycoprotein with pleiotropic activity on a wide variety of cell types in vitro, including embryonic stem cells (Smith et al, 1988) , primordial germ cells (Matsui et al, 1992) , myeloid cell lines (Hilton et al, 1988; Moreau et al, 1988) , adipocytes (Mori et al, 1989) , hepatocytes (Baumann and Wong, 1989) and peripheral neurones (Yamamori et al, 1989) . LIF is expressed in cultured mouse blastocysts and particu¬ larly in the uterus (Murray el al, 1990; Bhatt et al, 1991) . Abundant mRNA expression is found in the mouse uterus on day 4 of pregnancy, which is just before implantation of blastocysts (Bhatt et al, 1991) . A study with homozygous LIF-/LIFmice has shown that maternal LIF expression is essential for the implantation of mouse blastocysts (Stewart et al, 1992) . Our previous results showed that LIF protein was highly expressed in the rabbit uterus before implantation (days 5 and 6) and so may also be important for the implantation of rabbit blastocysts (Yang et al, 1994) .
The action of LIF is mediated by binding to cell surface receptors. Equilibrium analysis of the binding of radioiodinated LIF has led to the classification of two receptor types, low affinity and high affinity (Yamamoto-Yamaguchi et al, 1986; Hilton et al, 1988 Hilton et al, , 1991 . The cloned LIF receptor (LIFR) binds only LIF with low affinity, but subsequent binding of gpl30, a signal-transducing receptor component of LIF, interleukin 6 (IL-6) and ciliary neurotrophic factor receptors transforms the low-affinity LIFRß into a high-affinity form, and activates signal transduction; gpl30, by itself, does not bind LIF (Gearing et al, or uteri were removed, washed with PBS (pH 7.4) and flushed to recover embryos, which confirmed that the mated rabbits were pregnant. Pseudopregnancy was induced by treating females in the same way with FSH and hCG, but females were not mated. The uteri were removed and washed as above. Tissue sections were taken and treated as described below.
Immunolocalization of gpl30
Anti Labelling was carried out on ice for 2 h. Unconjugated biotin was removed by dialysis with 2 2 1 of TBS at 4°C overnight.
The labelled rmLIF was stored at 4°C with the addition of 0.02% (w/v) sodium azide. The cryostat sections of the uteri were digested with 0.1% (w/v) trypsin and 0.1% (w/v) CaCl2 in TBS for 30 min. Nonspecific binding was blocked by incu¬ bation with normal horse serum (Vector Laboratories) for 30 min. The sections were then incubated with biotinylated rmLIF (1.05 ng pi " l: total volume 70 µ ) at 4°C overnight. After complete rinsing with 0.1% (w/v) BSA-TBS, a complex of avidin and biotinylated alkaline phosphatase and substrate was applied (Vector Laboratories). Endogenous alkaline phos¬ phatase was inhibited by levamisole. After fixation in 4% (v/v) formaldehyde-PBS for 20 min, the sections were dehydrated and mounted. For a control, TBS was used to replace the biotinylated rmLIF. For competition, sections of uterus of a rabbit at day 5 after blocking with normal horse serum, were then incubated with a 50-times excess of unlabelled rmLIF for 30 min at room temperature. The biotinylated rmLIF (the same concentration as used for normal binding) was then added, reducing the concentration of unlabelled rmLIF to a 25-times excess, and the sections were incubated at 4°C overnight.
Results gpl30
The wall of the rabbit uterus comprises layers of serosa, myometrium and endometrium. The myometrium is composed of bundles of smooth muscle fibres separated by connective tissue, whereas the endometrium consists of luminal epithelium, tubular glands and stroma.
The stromal cells did not show gpl30 staining in unmated rabbits and in mated rabbits up to day 7 of pregnancy. In addition, gpl30 was not detected in endometrial glands during the same stages, even though these glands were highly developed just before implantation.
However, the appearance of gpl30 in the endometrial epithelium changed during early pregnancy. Little gpl30 was present in the epithelium in non-oestrous and oestrous unmated rabbits, and none was present in the control section (Fig. la-c) . Expression of gpl30 increased on day 1 of pregnancy and maintained the same expression up to day 5 of pregnancy ( Fig. ld-h ). On day 6 of pregnancy, its expression was higher, and a similar expression was found in the endo¬ metrial epithelium on day 6 of pseudopregnancy ( Fig. li, j) . On day 7 of pregnancy, when the blastocysts attached to the epithelium, gpl30 expression was slightly lower than that seen on day 6 of pregnancy, and expression on the mesometrial epithelium was higher than that on the antimesometrial epi¬ thelium. Expression at the implantation site was similar to that at nonimplantation areas (Fig. Ik-m) . A summary of these changes is shown in Table 1. Low concentrations of gpl30 were detected on the myometria of nonpregnant, day 7 pregnant or day 6 pseudopregnant rabbits, but no expression was seen from day 1 to day 6 of pregnancy (Fig. In, o ).
LIF receptor
Nonspecific binding of LIF to its receptors was blocked by the incubation with normal horse serum. When TBS was used to replace the biotinylated rmLIF, no staining was found in the uterus on day 5 of pregnancy (Fig. 2a ). This showed the specificity of the binding of LIF to its receptor. This was verified further by preincubating the sections for competition with a 50-times excess of unlabelled rmLIF, followed by the same incubation as the sections for binding, but still in the presence of a 25-times excess of unlabelled rmLIF. The com¬ petition significantly inhibited the binding compared with that seen in the day 5 pregnant uterus (Fig. 2h , i, p, q).
No LIF binding was detected on stromal cells of uteri from unmated, pseudopregnant or pregnant rabbits from days 1 to 7. LIF binding on luminal and glandular epithelium was similar, and the pattern of binding was similar to that observed on myometrium. Little binding was seen in the epithelium of nonoestrous rabbits, but a moderate level of binding was seen in oestrous rabbits and on day 1 of pregnancy, which declined Guinea-pig anti-hrgpl30 antibody was replaced with preimmune guinea-pig serum as a negative control. Uterine endometrium at non-oestrus (b) and oestrus (c), and on days 1 (d), 2 (e), 3 (f), 4 (g), 5 (h) and 6 (i). Uterine endometrium of day 6 of pseudopregnancy (j). Day 7 uterine endometrium at the mesometrial (k) and anti-mesometrial (1) areas of an implantation site, and a non-implantation area (m). Myometrium of non-oestrus (n) and uterus at day 6 of pregnancy (o). Scale bar represents 50 pm. on day 2 of pregnancy ( Fig. 2b-e ). LIF binding then increased from day 3 of pregnancy, and was highest on days 5 and 6 of pregnancy ( Fig. 2f-h, j) . A high level of LIF binding was also found on day 6 of pseudopregnancy (Fig. 2k ). The binding on day 7 of pregnancy was lower than that seen on days 5 and 6, except for that in the antimesometrial area, where it was similar ( Fig. 2l-n) . Little binding was seen on day 7 in the nonimplantation areas (Fig. 2o ). A summary of these changes is shown in LIF binding was detected on the myometrium. The binding was moderate at oestrus, at nonoestrus (Fig. 2q ) and on day 1 of pregnancy, but declined on days 2 and 3 of pregnancy. LIF binding began to increase again on day 4 of pregnancy, reaching its highest level on days 5 and 6 of pregnancy (Fig.  2p-r) . A high level of LIF binding was also observed on day 6 of pseudopregnancy. The binding to the myometrium on the mesometrial side of the implantation site and of nonimplantation areas was lower than that seen on days 5 and 6 of pregnancy (Fig. 2m, n ).
Discussion
These results show that both gpl30 and LIFR were present in the rabbit uterus during early pregnancy. Expression of gpl30 was greatest in the epithelium on day 6 of pregnancy, the day before implantation. No expression was detected on stromal cells or on endometrial glandular epithelium. Expression on the myometrium was at basal values. Unlike the expression of gpl30, LIF binding during early pregnancy changed on the myometrium and glandular epithelium, and the highest LIF binding was found on days 5 and 6 of pregnancy. No binding was found on stromal cells. The binding of LIF on luminal epithelium showed a similar pattern to that of gpl30: the highest binding was observed on days 5 and 6 of pregnancy. The pattern of LIF binding to all uterine structures was similar to the pattern of expression of LIF protein in the pregnant rabbit uterus (Yang et al, 1994), but, in contrast, only expression of gpl30 on the luminal epithelium was similar to that of LIF protein (Yang et al, 1994) . In mice, the highest expression of mRNA encoding LIF (using RNase protection) is found in the endometrial glands on day 4 of pregnancy, just before implantation on day 5; weaker signals were observed in the epithelium lining the uterine lumen on days 2, 3 and 5, and a slightly increased signal on day 1 (Bhatt et al, 1991) . In general, expression of mRNA encoding LIF in the mouse uterus is greater in the glandular than in the luminal epithelium at all stages studied. No data are available on expression of mRNA encoding LIF in rabbit uterus, but LIF protein and gpl30, and to a lesser extent LIFR, are all more strongly evident in luminal than in glandular epithelium in this species (present paper and Yang et al, 1994) .
The expression of gpl30 and LIFR in the uteri of other species has not been studied. Since the temporal pattern of LIF expression in the rabbit uterus was similar to that in mice, it is possible that the same applies for LIFR and gpl30 expression in the mouse uterus.
A comparison of the five LIF protein sequences available (mouse, rat, human, sheep and pig) reveals that the protein displays a high degree of similarity ranging from 74% between mouse and sheep, 88% between sheep and human, and 92% between rat and mouse (Stahl et al, 1990; Willson et al, 1992) .
Owczarek et al. (1993) showed that a series of 15 mousehuman LIF hybrid proteins retain full biological activity and receptor-binding activity in mouse cells, and that there is little variation in the specific biological activity of the purified proteins. Primary binding sites of mLIF and hLIF to the mLIFR may therefore be unaltered by the interspecies domain exchange. The addition of 1000 U rhLIF ml " to culture media increases by fourfold the number of sheep embryos at day 5 that hatch from the zonae pellucidae after 48 h in culture. In addition, fewer embryos degenerate when cultured in media containing rhLIF (Fry et al, 1992) . Rabbit LIF protein and antibody for rabbit LIFR are not commercially available. The high degree of homogeneity between interspecies LIF protein permitted the use of the biotinylated rmLIF to demonstrate LIFR in the rabbit uterus.
Several authors identify gpl30 as a component of the functional receptor complexes of LIF, oncostatin M, IL-6, ciliary neurotrophic factor and IL-11 (Rose and Bruce, 1991; Gearing et al, 1992; Davis et al, 1993; Neben and Turner, 1993) . All of the receptors can interact with the signal transducing receptor gpl30 after ligand binding (Neben and Turner, 1993) . Although gpl30 does not bind to either LIF or IL-6, the complex of gpl30 with the low affinity ß subunit of LIFR confers high affinity to the LIFR and transduces the signal to activate the Jak-Tyk family of cytoplasmic tyrosine kinases, as does the IL-6Ra and gpl30-homodimer complex (Davis et al, Tris-buffered saline. Uterine endometrium at non-oestrus (b), oestrus (c), and on days 1 (d), 2 (e), 3 (f), 4 (g), 5 (h), and 6 (j) of pregnancy. Uterine endometrium of day 6 of pseudopregnancy (k). LIF binding was significantly inhibited by competition in the endometrium (i) and myometrium (q) of a day 5 uterus, compared with normal LIF binding in endometrium (h) and myometrium (p). Endometrium of the uterus at day 7 of pregnancy at the mesometrial (1) and anti-mesometrial (directly opposite the mesometrial surface) (m) areas, and an anti-mesometrial area (adjacent to the mesometrium) (n) of an implantation site, and a non-implantation site (o). Myometrium of non-oestrous rabbits (q) and uteri of rabbits at days 5 (p) and 6 (r) of pregnancy. Scale bar represents 50 pm. 1994). Oncostatin M is a single cytokine identified as a natural ligand for gpl30, a low affinity receptor form, which mediates the biological responses of oncostatin M. However, oncostatin (Gearing et al, 1991; Gearing, 1993) . Since gpl30 does not bind LIF, the receptors identified with biotinylated rmLIF in our studies should be either low-affinity or high-affinity receptors. Furthermore, the required coexpression of gpl30 and LIFRß subunit may imply that the coexistence of gpl30 and LIFR in rabbit endometrial epithelium may denote the site of high-affinity LIFR. Since only LIF binding was seen on myometrium and endometrial glands, where gpl30 was not expressed, the LIFR at these sites may be the low-affinity receptors.
The high concentration of functional high-affinity LIFR and of LIF on the luminal epithelium just before implantation may be essential for implantation in rabbits, as is the case in mice (Stewart el al, 1992) . Moreover, as LIF is a pleiotropic cytokine and the gpl30 receptor component is shared by several other cytokines, co-existence of LIFR and LIF protein may be important for the localized action of LIF. An immobilized, matrix-targeted form of the LIF ligand (Rathjen et al, 1990) and an extracellular matrix-associated LIFR (Mereau et al, 1993) have been identified, suggesting that extracellular localization of LIF and LIF signal transduction may be closely coupled. A soluble form of LIFR was identified in mouse serum that may have the ability to block unwanted systemic actions of locally produced LIF (Layton et al, 1992 ).
The fact that the amount and site of expression of LIF and LIFR are similar in pregnant and pseudopregnant rabbits confirms the observations in the mouse that it is maternal, and not embryonic, LIF that is critical for blastocyst implantation (Stewart et al, 1992; Yang et al, 1994 ; this paper). Furthermore, it was reported that expression of mRNA encoding LIF is higher in secretory than in proliferative phase human endometrium, and that this expression is three times higher in an epithelial-compared with a stromal-enriched cell fraction, suggesting that LIF is also important for human implantation (Kojima et al, 1994) . What has yet to be resolved is which components of the implantation process angiogenesis, attach¬ ment, invasion or decidualization are regulated by LIF bind¬ ing, activation of tyrosine kinase and tyrosine phosphorylation. inhibitory factor coincides with the onset of blastocyst implantation Proceedings of the National Academy of Sciences USA 88 11 408-11 412 Davis S, Aldrich TH, Stahl , Pan L, Taga T, Kishimoto T, Ip NY and Yancopoulos GD (1993) 
